Resting-state functional magnetic resonance imaging (rs-fMRI) is used to interrogate the functional connectivity and network organization amongst brain regions. Functional connectivity is determined by measuring the extent of synchronization in the spontaneous fluctuations of blood oxygenation level dependent (BOLD) signal. Here, we review current rs-fMRI studies in headache disorders including migraine, trigeminal autonomic cephalalgias, and medication overuse headache. We discuss (1) brain network alterations that are shared amongst the different headache disorders and (2) network abnormalities distinct to each headache disorder. In order to focus the section on migraine, the headache disorder that has been most extensively studied, we chose to include articles that interrogated functional connectivity: (i) during the attack phase; (ii) in migraine patients with aura compared to migraine patients without aura; and (iii) of regions within limbic, sensory, motor, executive and default mode networks and those which participate in multisensory integration. The results of this review show that headache disorders are associated with atypical functional connectivity of regions associated with pain processing as well as atypical functional connectivity of multiple core resting state networks such as the salience, sensorimotor, executive, attention, limbic, visual, and default mode networks.
Background on resting-state fMRI and the rationale for application in headache Magnetic resonance imaging (MRI) allows for the noninvasive interrogation of (1) brain structure and (2) brain function. Functional magnetic resonance imaging (fMRI) is based on the blood-oxygenation-level-dependent-signal (BOLD signal) to investigate regional changes in blood oxygenation patterns using taskbased or stimulus-driven designs. For example, as migraine is associated with hypersensitivities during and between attacks, a number of migraine fMRI studies have used pain stimulation paradigms to better understand how migraine-specific hypersensitivities are manifested in the brain and to interrogate whether patients with migraine respond differently to pain compared to healthy controls (HCs). Task-based fMRI techniques and structural T1-weighted imaging have yielded evidence of wide-spread abnormalities of brain structure and function, but are not ideally suited for interrogating whether abnormalities within these wide-spread regions might underlie a brain network defect. Resting-state functional connectivity magnetic resonance imaging (rs-fMRI) measures synchronicity of spontaneous fluctuations in the BOLD signal, i.e. in the absence of a task or stimulation, and provides an indirect measurement of brain connectivity.
This review aims to discuss recent results of rs-fMRI studies of headache disorders and to discuss common and unique functional connectivity (fc) patterns in
Migraine
Migraine is a common neurological disorder consisting of headache, sensitivities to light, sound, touch and odor, nausea and vomiting. [1] [2] [3] As expected with any chronic pain disorder, functional and structural neuroimaging studies indicate that migraine is associated with changes in brain pain processing regions, regions that are often referred to as components of the 'painmatrix'. [4] [5] [6] [7] Herein, we discuss studies that have investigated connectivity of these pain matrix regions, but also focus on summarizing studies that yield insights that might be specific for migraine: (1) functional connectivity during migraine attacks; (2) functional connectivity in those who have migraine with aura compared to those who have migraine without aura; (3) studies investigating the functional connectivity of regions within limbic, sensory, motor, executive and default mode networks and regions that participate in multisensory integration.
Functional connectivity during migraine attacks
Four studies have used functional connectivity (rs-fc) to interrogate brain changes in migraine during the attack (ictal phase) (see Table 1 ). Coppola et al. 8 have studied fc changes in 13 migraineurs without aura (MwoA) during migraine attacks compared to 19 HCs using a whole-brain independent component analysis (ICA). During naturally occurring migraines (not medication induced), migraineurs had less fc between the executive and dorso-ventral attention network. Furthermore, weaker executive network connectivity related to higher monthly headache frequency in patients with migraine. Less fc between cognitive and attentional networks during the attack phase are intriguing results since they might relate to the difficulties with memory and attention that are often experienced by migraineurs during attacks. 9, 10 Furthermore, the authors described a negative correlation between executive network functional connectivity and headache frequency indicating that less network functional connectivity might relate to higher disease burden. Whereas in HC subjects, there was a relationship between stronger fc in areas of the dorso-ventral attention system and lower bilateral thalamic fractional anisotropy measures, this relationship was absent in migraine patients potentially indicating a functional decoupling of thalamo-cortical control networks during the attack. In a recent follow-up study by Coppola et al. 11 (using the same subject cohort), authors also found stronger fc between the medial prefrontal cortex and the posterior cingulate cortex and stronger fc between the medial prefrontal cortex and the insula. In migraineurs during the attack, fc strength between the medial prefrontal cortex and insula regions negatively related to perceived pain intensity.
Abnormal connectivity between these large-scale networks and regions important for emotional processing of pain including the insula could be considered an adaptive response in the setting of acute pain if it allows for greater focus on the acute pain, even at the expense of impaired higher order functions. However, in the setting of a chronic pain condition like migraine, this response might be maladaptive if it leads to excessive focus on the pain experience. Of note, since the authors compared ictal migraine patients to HCs only, and not to interictal patients, it is not possible to determine if these changes are specific to the attack phase of migraine or if they are general features of migraine pathophysiology.
Amin et al. 12 used pituitary adenylate cyclase-activating polypeptide-38 (PACAP38) to induce migraine attacks in 16 MwoA. Patients were scanned during the early migraine phase. Compared to the migraine-free phase, migraine attacks were associated with abnormal fc within the salience network (stronger fc in bilateral inferior frontal regions), sensorimotor network (stronger fc in right premotor cortex and weaker fc in left visual cortex), and within the default mode network (less fc in the right cerebellum and in the left frontal lobe), networks that are known to be involved with the cognitive, sensory, and emotional components of pain.
Hougaard et al. 13 investigated 16 episodic migraine (EM) patients during spontaneous attacks of migraine with visual aura. Patients were scanned outside the aura phase (on average 8.2 h after aura onset), while experiencing headache and associated migraine symptoms, and again outside of attacks being migraine-free for at least 72 h. The authors applied both an ROI-based approach to investigate connectivity with visual and pain-related areas and an ICA-based approach to explore potential changes in other intrinsic networks. During attacks, relative to the attack-free state, fc increased between the dorsolateral pons and the ipsilateral primary somatosensory cortex corresponding to the head and face somatotopic areas and between visual area V5 and the ipsilateral middle frontal gyrus of the ''symptomatic'' hemispheres (i.e. hemispheres contralateral to the perceived visual aura symptoms). The ICA approach did not reveal other abnormal networks. These findings highlight the importance of the dorsolateral pons, an area referred to as a ''migraine generator, '' 14 for the ictal pathophysiological mechanisms of migraine. Results of these four important studies investigating functional connectivity during migraine attacks are difficult to compare. Whereas Coppola et al. used a wholebrain ICA to compare brain connectivity patterns in migraine patients during naturally occurring attacks to HC subjects, Amin et al. induced migraines using PACAP38 and interrogated fc in patients during the early stages of a migraine attack compared to the pain-free state using a seed-based analysis, and Hougaard et al. specifically studied migraine patients with aura during the headache phase of spontaneous attacks using both ICA and seed-based analyses. Despite these differences in study designs, the studies indicate marked abnormalities during the ictal phase in networks relevant for mediating cognitive, attentional, somatosensory and emotional components of pain (see Figure 2 ).
Interictal migraine with aura
Approximately 1/3 to 1/4 of patients with migraine experience attacks that are accompanied by aura symptoms. 15, 16 The majority of migraine auras consist of visual symptoms such as flashing, moving or flickering lights. 17 Visual aura symptoms are attributed to cortical spreading depression in the occipital cortex. 18 Electrophysiology studies using electroencephalography (EEG) and event-related fMRI have found visual cortex hyper-responsivity as well as increased activation to visual stimuli in MwA. [19] [20] [21] Several functional imaging studies have compared brain connectivity differences between interictal MwA and interictal MwoA (see Table 2 ). Niddam et al. 22 explored the fc of two regions that might assert top-down influences on information conveyed to the visual cortex 23, 24 ; the anterior insula and middle frontal gyrus. Relative to HCs, MwA and MwoA both had stronger fc between the middle frontal gyrus and the right temporal region. Their results further indicated that MwA compared to MwoA have weaker fc between the anterior insula and the V3A in the visual cortex. A correlation analysis indicated that weaker fc in MwA was inversely related to migraine severity. These results indicate that MwA and MwoA share common network abnormalities between middle frontal and the right temporal regions and that MwA (relative to MwoA) have weaker fc between the anterior insula, a key region of the limbic system, and the visual cortex, perhaps representing network abnormalities distinct to aura. Tedeschi et al. 25 interrogated visual cortex fc patterns of MwA compared to MwoA during the interictal phase. Compared to MwoA, MwA had stronger fc within the visual network centering around the lingual gyrus, an extrastriate region important for visual-spatial processing. 26 Results did not show a correlation between clinical parameters and visual cortex connectivity patterns in MwA, which lead the authors to postulate that aberrant fc within extrastriate regions could indicate a 'brain biomarker' for MwA.
Using a frequency spectrum ICA, a post-processing method for analyzing the frequency and amplitude of the rs-BOLD signal, 27 Farago et al. 19 found higher amplitudes of the resting state BOLD fluctuations in the lateral visual network frequencies in MwA compared to MwoA and to HC, specifically in regions including the cingulate cortex, superior parietal lobule, cerebellum and frontal regions.
Hougaard et al. 28 compared 40 MwA patients to 40 age and sex-matched HCs. The authors applied a seedbased analysis of 27 different seed locations in total, Figure 2 . A schematic illustration of regions and functional networks (default mode, salience, sensory) where studies have shown altered functional connectivity in migraine patients during attacks compared to between attacks. Important regions of functional networks that are altered in migraineurs during the attack compared to between attacks include the following: Default mode network regions: medial prefrontal cortex (mPFC) and anterior cingulate cortex (aCC), precuneus and posterior cingulate cortex (pCC). Salience network regions: insula and (dorsal) anterior cingulate. Sensory network region: somatosensory cortex (SS). Migraineurs during the attack have stronger functional connectivity between the pons and the somatosensory cortex (SS).
including cortical visual areas, amygdala, and periaqueductal grey. In addition, ICA was used to study intrinsic brain networks. The authors found no differences, or even trends towards differences, between migraine patients and controls for any of these networks. Specifically, previously reported abnormal fc involving the periaqueductal grey 29 and the amygdala 30 could not be reproduced.
In summary, these results suggest possible fc alterations in MwA compared to MwoA and HC in the visual cortex as well as in wide-spread regions involved in visual processing (including the middle frontal regions, insula, and the anterior cingulate, superior parietal lobule and the cerebellum, see Figure 3 ). However, the study by Hougaard et al., showing no fc abnormalities in a relatively large sample of MwA patients, questions these findings and emphasizes the general need for reproducing rs-fMRI results before firm conclusions can be drawn.
Limbic connectivity in migraine
Hadjikhani et al. 30 compared fc patterns of the amygdala in MwA and MwoA to patients with trigeminal neuralgia, to patients with carpal tunnel syndrome and to HCs. Compared to HCs and to patients with other chronic pain conditions, migraineurs had stronger fc between the amygdala and the thalamus, anterior insula and the secondary somatosensory area, potentially indicating that stronger fc patterns between the amygdala with other viscero-sensory areas might be uniquely manifested in migraine. Similar results were reported by another study that compared fc patterns of the bilateral amygdala in chronic and episodic migraineurs to HCs. 31 Relative to HCs, episodic migraineurs had stronger fc of the left amygdala with the left middle cingulate and left precuneus and chronic migraineurs had stronger fc of the left and right amygdala with widespread regions in inferior temporal lobe, prefrontal gyrus, cingulate cortex, and pre-and postcentral gyri compared to episodic migraineurs. Compared to HCs, chronic migraineurs had weaker functional connectivity between the right amygdala and occipital regions. Although the roles of the left and right amygdala in migraine chronification will need to be further investigated, there is some evidence that supports the potential lateralization of right versus left amygdala function. 32, 33 For example, stronger fc between the left amygdala and prefrontal regions was found in healthy females with higher risk for developing anxiety disorders, whereas stronger right amygdala fc with limbic and prefrontal regions was found to be important for regulating negative affect. 34 Results of studies investigating limbic region connectivity show stronger amygdala fc patterns in patients with migraine and a strengthening of fc patterns between the amygdala and regions which play important roles in the pain experience (sensory discrimination, pain modulation, multisensory integration) (see Table 3 ).
Sensory and motor networks and multi-sensory integration in migraine
Hodkinson et al. 35 investigated the fc of several key sensory regions associated with vision, audition, and somatosensation. Although there was not a difference between the fc amongst regions of the primary sensory areas, episodic migraineurs had altered long-range functional connections to higher order networks such as the default and the salience network. The authors postulated that weaker connectivity to long-range networks could reflect difficulties integrating multi-sensory information.
Zhang et al. 36 found less sensorimotor network spontaneous activity, a technique for evaluating timeseries synchronizations of neighboring voxels, 27 in primary motor and primary sensory areas in MwoA compared to HC and less fc between primary sensory areas and regions relevant for pain processing and pain discrimination such as the temporal lobe, superior and inferior parietal lobes, anterior cingulate cortex, insular cortex and brainstem regions. The authors also reported a negative correlation between network spontaneous activity and measures of headache disability, Figure 3 . Interictal migraine patients with aura compared to interictal migraine patients without aura have stronger functional connectivity within visual cortex regions (VC) including the lingual gyrus (LG) and stronger functional connectivity of occipital regions with the anterior insula. Migraineurs with aura have higher amplitudes of resting-state fluctuations in frontal areas, cingulate cortex (CC), inferior parietal lobule (iPL) and the cerebellum. 
ROI-based analysis of seed regions in bilateral amygdala
Migraineurs with and without aura compared to healthy controls and compared to patients with trigeminal neuralgia and to patients with carpal tunnel syndrome: Stronger fc between amygdala and viscero-sensory areas (thalamus, anterior insula and secondary somatosensory cortex). indicating that weaker network activity related to more headache-specific disability.
Results of these two studies (see Table 3 ) indicate weaker network activity within primary sensorimotor regions as well as weaker long-range network connectivity to regions important for pain perception, pain modulation and multi-sensory integration. Results of these studies provide further evidence that might help explain some of the neural underpinnings involved with migraine-specific hypersensitivies to light, sound, touch and odor and which might underlie aberrant network processes of regions involved with multi-sensory integration.
Executive network connectivity in migraine
Although cognitive difficulties during migraine attacks are frequently reported by migraineurs, studies assessing cognitive function in migraineurs have yielded conflicting results. [37] [38] [39] [40] The executive network is known to underlie high-level cognitive processes. The interrogation of this network provides an indirect way to study cognitive integrity on a brain network level. Russo et al. 41 found that MwoA, who did not demonstrate impairments on neuropsychological tests measuring executive function, had weaker fc within regions of the executive network (middle frontal gyrus and dorsal anterior cingulate) relative to HCs. Additionally, weaker fc in the executive network negatively correlated with pain intensity in MwoA. Results of a follow-up study by the same group using larger sample sizes 42 showed that weaker executive network connectivity was also present in MwA relative to HC and there was not a difference between executive function network connectivity between MwA and MwoA.
Although further studies using larger sample sizes are needed (both studies included 20 migraine patients; see Table 3 ), these preliminary results showing weaker connectivity of regions within the executive network in MwA and MwoA relative to HCs are intriguing and might indicate that measures of rs-fc could be more sensitive in detecting changes underlying cognition than neuropsychological measures.
Default mode network connectivity in migraine
The default mode network, the most commonly interrogated rs network, is important for interoception and self-monitoring and may also have a role in cognitive, attentional and emotional processes. 43 Several studies have investigated resting state default mode network alterations in interictal migraine patients relative to HCs (see Table 3 ). Tessitore et al. 44 investigated fc in the default mode network in 20 EM patients and 20 HCs. Authors found less fc in prefrontal and temporal regions of the default mode network. Changes in fc in default mode network regions were not related to brain structural changes and did not relate to clinical or neuropsychological measures. Similar findings were reported by two other studies; Farago et al. 45 reported lower frequency fluctuations in the default mode network in 35 MwoA compared to 35 HCs and Yu et al. 46 reported less fc (and amplitudes of low-frequency fluctuations) in regions of the default mode network in 26 MwoA compared to 26 HCs. Additionally, Yu et al. reported a negative correlation between regional homogeneity in the anterior cingulate and the prefrontal cortex regions of the default mode network and disease duration.
Xue et al. 47 found no differences in functional network connectivity within the default mode system in 23 MwoA compared to 23 HCs. However, the authors reported that fc between the insula, a key region for pain, and regions of the default mode and executive networks correlated with duration of migraine.
Zhang et al. 48 reported increased fc and regional homogeneity between the precuneus and the posterior cingulate cortex regions of the default mode network in 22 migraine patients without aura compared to 22 HCs. Furthermore, less fc was found in the precuneus and the posterior cingulate cortex with areas outside of the default mode network, which are important for pain processing, including the somatosensory and somatomotor cortex, prefrontal regions, and superior and inferior parietal regions. The precuneus and posterior cingulate are important hub areas of the default mode network but also key regions important for information transfer and multisensory integration. Increased fc in the precuneus and posterior cingulate correlated with higher headache impact test (HIT-6) scores, potentially indicating a relationship between fc in these areas and headache disability.
The majority of studies reported less functional connectivity or lower frequency fluctuations within regions of the default mode network. 19, 44, 46 Several studies also reported altered fc between regions of the default mode network and regions of other functional networks. 47, 48 This between-network dysfunction could indicate a disruption of the interplay of functional networks in migraineurs between attacks. Lastly, the relationships observed between disrupted between-network activity and disease parameters, such as disease duration and headache disability could indicate that betweennetwork dysfunctions are modulated by the migraine disease process.
TACs
The TACs are a group of primary headache disorders that manifest with cranial parasympathetic autonomic signs and symptoms ipsilateral to the headache. The TACs include cluster headache, hemicrania continua, paroxysmal hemicrania, short-lasting unilateral neuralgiform headache attacks with conjunctival injection and tearing (SUNCT), and short-lasting unilateral neuralgiform headache attacks with cranial autonomic symptoms (SUNA). The TACs have overlapping pathophysiology that includes activation of the posterior hypothalamus and the trigeminal autonomic reflex during headache episodes. However, the TACs differ in regards to the frequency and duration of headache attacks and their responsiveness to individual therapies.
Functional imaging studies investigating brain activation patterns during attacks of cluster headache, hemicrania continua and SUNCT have demonstrated activation in the posterior hypothalamus in addition to regions of the ''pain matrix'' that commonly activate during headache and non-headache pain. [49] [50] [51] [52] [53] [54] [55] The posterior hypothalamus might be responsible for several key features of the TACs. For example, the circadian and circannual temporal rhythmicity by which some of the TACs occur implicates the suprachiasmatic nucleus of the hypothalamus, the so-called ''autonomous circadian clock'' of the brain. 56 Stimulation of the posterior hypothalamus results in restlessness and a desire to move, symptoms that are common during cluster headache attacks. 57 Further implicating the hypothalamus in the pathophysiology of the TACs, deep brain stimulation in the region of the posterior hypothalamus is an effective treatment for some patients with otherwise treatment refractory cluster headache, SUNCT, and paroxysmal hemicrania. 58 Functional connectivity of the hypothalamus, painmatrix regions, and core resting networks has been investigated in patients who have cluster headache using resting-state analyses. However, there is a paucity of studies investigating brain connectivity in patients with hemicrania continua, SUNCT, and SUNA. Functional connectivity studies have compared episodic cluster headache patients to HCs, episodic cluster headache patients who are in-bout vs. when they are out-of-bout (i.e. during the time period in which a person is having episodic attacks of cluster headache vs. during the period when they are in temporary remission), and episodic cluster headache patients during spontaneous cluster attacks vs. when they are in-bout but between attacks. Independent components analyses and region-of-interest analytical approaches have both been used. Table 4 summarizes these functional connectivity studies.
Cluster vs. HC
The majority of functional connectivity studies have compared individuals with cluster headache to HCs. 45, [59] [60] [61] [62] [63] [64] Independent components analyses including a total of 68 individuals with cluster headache and 80 HCs from four different published studies have identified atypical connectivity in numerous resting state networks amongst those with cluster headache: salience, default mode, somatosensory, attention, visual, temporal, frontal, and cerebellar. 45, 59, 63 All of these studies were performed when individuals with cluster headache were headache free, but some were done during the in-bout period and others during the outof-bout period. Supporting the notion that the atypical connectivity was actually associated with cluster headache, these studies demonstrated correlations between the extent of atypical connectivity with duration that an individual had cluster headache and number of cumulative headache days. 45, 59, 63 Two studies including a total of 30 individuals with cluster headache and 31 HCs performed region-of-interest functional connectivity analyses of the hypothalamus. 61, 64 In these studies, compared to HCs, individuals with cluster headache were found to have atypical hypothalamic connectivity with inferior, medial and middle frontal gyri, superior, middle, and inferior temporal gyri, temporal pole, inferior parietal lobule, insula, parahippocampal gyrus, fusiform gyrus, inferior semilunar lobule, occipital lobe, uncus, precuneus, and cuneus. There were correlations between the magnitude of atypical connectivity with the frequency of bouts per year. 64 Finally, a regional homogeneity study found that individuals with cluster headache have atypical regional homogeneity in anterior cingulate cortex, posterior cingulate cortex, insula, middle and dorsolateral prefrontal cortices, gyrus rectus, and orbital gyrus. 62 
Cluster in-bout vs. out-of-bout
Two studies, including a total of 35 individuals with episodic cluster headache, have investigated functional connectivity differences during a cluster period (i.e. inbout) vs. between cluster periods (i.e. out-of-bout). 59, 64 The independent components analysis demonstrated connectivity differences in frontal and dorsal attention networks and a correlation between functional connectivity of the frontal network with disease duration. 59 A hypothalamic region-of-interest analysis found differences in functional connectivity in-bout vs. outof-bout with medial frontal gyrus, middle frontal gyrus, inferior temporal gyrus, precuneus and cerebellum. 64 Frequency of cluster bouts per year was correlated with connectivity strength of the hypothalamus with the cerebellum.
Cluster during spontaneous attack (i.e. ictal) vs. in-bout but between attacks (i.e. interictal)
Two studies have compared functional connectivity during cluster attacks vs. between attacks. 61, 62 In a 62 Episodic CH (n ¼ 12) HC (n ¼ 12)
Regional homogeneity CH ictal vs. CH in-bout, inter-ictal: Increased regional homogeneity in posterior cingulate cortex and ventromedial prefrontal cortex. Decreased regional homogeneity in middle frontal gyrus, and parahippocampal gyrus. CH in-bout, inter-ictal vs. HC: Stronger regional homogeneity in anterior cingulate cortex, gyrus rectus, and orbital gyrus. Weaker regional homogeneity in middle prefrontal cortex, posterior cingulate cortex, insula, and dorsolateral prefrontal cortex. Rocca et al. 63 Episodic CH (n ¼ 13) HC (n ¼ 15) ICA ROI (hypothalamus, thalamus)
CH out-of-bout vs. HC: Connectivity differences in sensorimotor network and primary visual network. Increased connectivity of hypothalamus with anterior cingulate cortex, secondary sensorimotor cortex, primary visual cortex, middle occipital gyrus, thalamus, and insula. Increased connectivity of thalamus with primary sensorimotor cortex, supplementary motor area, and anterior cingulate cortex.
Note: This table summarizes the methods and findings from published studies that have investigated brain functional connectivity in individuals with cluster headache. CH: cluster headache; HC: healthy control; ICA: independent components analysis; ROI: region of interest.
hypothalamic region-of-interest study of 12 individuals with episodic cluster headache, during a cluster attack there was increased connectivity to pain matrix regions such as the anterior cingulate cortex, posterior cingulate cortex, superior frontal gyrus, middle frontal gyrus, inferior frontal gyrus, superior temporal gyrus, inferior parietal lobule, parahippocampal gyrus, and amygdala. 61 In a regional homogeneity analysis of 12 episodic cluster subjects, during a cluster attack there was increased regional homogeneity of posterior cingulate cortex and ventromedial prefrontal cortex and decreased regional homogeneity of middle frontal gyrus and parahippocampal gyrus. 62 In summary, functional connectivity studies of cluster headache have further implicated the hypothalamus as a region that participates in cluster headache pathophysiology (see Figure 4) . As is expected with any headache disorder, several regions of the pain-matrix have also been shown to have atypical functional connectivity. However, functional connectivity aberrations associated with cluster headache reach beyond the hypothalamus, pain-matrix regions, and expected networks such as the somatosensory and salience networks. Studies have demonstrated that cluster headache is also associated with atypical functional connectivity within networks such as the default Figure 4 . A schematic illustration of regions and functional networks (default mode, salience, sensory, and attention) where studies have shown altered functional connectivity in patients with cluster headache compared to healthy controls. In cluster headache, the hypothalamus has shown abnormal functional connectivity to regions of the default mode, salience, sensory and attention networks. Important regions of functional networks that are altered in cluster headache include the following: Default mode network regions: medial prefrontal cortex (mPFC) and anterior cingulate cortex (aCC), precuneus and posterior cingulate cortex (pCC) and the inferior parietal cortex (iPC). Salience network regions: insula and (dorsal) anterior cingulate. Sensory network region: somatosensory cortex (SS). Attention network regions: inferior frontal (iF) and middle frontal (mF) cortex, and the temporo-parietal junction (TPJ) and occipital cortex (OCC).
mode, attention, and visual networks. Individuals with cluster headache have altered functional connectivity compared to HCs, and functional connectivity differs when individuals are in-bout vs. out-of-bout, and during cluster headache attacks vs. between attacks. Although it could be hypothesized that the extent of functional connectivity ''abnormalities'' would increase as the cluster patient moves from the out-of-bout period, to the in-bout but inter-ictal period, to the within attack phase, there are currently inadequate data to confirm or refute this hypothesis. There are correlations between the frequency of cluster attacks and disease duration with the extent of atypical connectivity, strengthening an argument that the atypical connectivity is in fact related to having cluster headache and suggesting that there is a cumulative effect of cluster attacks on altering brain functional connectivity.
Futures studies are needed that compare functional connectivity in cluster headache patients to individuals with other headache types to determine if certain findings are specific to cluster headache or if they are all shared by other headache types. For example, although the hypothalamus is strongly implicated in the pathophysiology of the TACs, it is also likely to be involved in migraine. 65, 66 It is unknown if hypothalamic connectivity in the TACs is similar or different from connectivity in migraine. Future studies should investigate connectivity in individuals with chronic cluster as well as the other TACs. Since there can be a fair amount of overlap in clinical symptoms between the TACs, it would be useful to determine if functional connectivity patterns differ between individuals with different TACs. If so, it is possible that classification models developed from functional connectivity data could be used as diagnostic aids in the circumstances when the diagnosis is especially challenging via clinical grounds.
MOH
MOH is a worsening of a pre-existing headache disorder due to excessive intake of medication for the acute treatment of headache.
1 Most MOH patients have an underlying primary headache in the form of migraine or tension-type headache (TTH). Overall, it is estimated that MOH affects between 1% and 2% of the general population and at least 50% of chronic headache patients have MOH. 67 The mechanisms underlying headache aggravation as a consequence of medication overuse are largely unknown. Clinical studies of pain perception in MOH patients indicate that central sensitization to nociceptive input is a key feature of this disorder. 68 In further support of a central mechanism, several neuroimaging studies have reported alterations of brain structure and function in patients with medication overuse. 69 MRI studies of brain structure using voxel-based morphometry in MOH demonstrated increased gray matter volume in pain-related areas such as the periaqueductal gray (PAG) 70 and decreased volume in orbitofrontal cortex, an area that is also involved in addictive behavior. 70, 71 The role of the orbitofrontal cortex is further substantiated by a PET study in patients with MOH showing decreased glucose metabolism in this area, which persisted following medication withdrawal. 72 Functional MRI studies reported attenuated responses of MOH patients to painful stimulation, which normalized following discontinuation of the overused medication. 73, 74 So far, however, only a few rs-MRI studies have been carried out in MOH patients. These studies are summarized in Table 5 .
One study investigated patients with MOH and migraine compared to patients with EM, and HCs. 75 The authors used a seed-based approach with the left precuneus as the region of interest to specifically study alterations of the default mode network. Compared to HCs, MOH and EM patients exhibited several regions that had either stronger or weaker connectivity with the precuneus. Interestingly, connectivity with the right hippocampus was stronger in MOH patients compared to both other groups. Of notice, MOH patients had higher self-rated medication-dependence, depression, anxiety, and pain-catastrophizing levels than episodic migraineurs, adding a potential risk of confounding. Precuneus-hippocampus connectivity was positively correlated with medication intake, suggesting that the findings could reflect a pharmaceutical effect.
Another study 76 compared resting state connectivity of MOH patients to other patients with similar headache frequency, but without medication overuse. While this is a rational design that is useful for uncovering mechanisms specific for MOH, the study is somewhat limited by a lack of specification of the underlying headache disorders in the MOH and non-MOH group and further that 6/15 of patients in the MOH group had less than 15 headache days/month, thus not fulfilling the ICHD criteria for MOH. 1 The authors investigated connectivity with the nucleus accumbens and the dorsal caudal and dorsal rostral putamen. The resulting connectivity maps served as input for a classification analysis, which could distinguish between the two groups of patients with 75% accuracy (based on nucleus accumbens) and 66% (dorsal rostral putamen). The authors suggested that these findings represent abnormalities of brain motivational circuits including the so-called reward system of the brain, which may relate to the addictive behavior in MOH.
A study using a data-driven approach known as functional connectivity density (FCD) 77 investigated MOH patients, primarily diagnosed with migraine, compared to groups of EM patients and HC.
The authors found FCD differences between all three groups, but no overlapping differences between MOH vs. EM and MOH vs. HC. Most significant findings were reduced FCD in MOH compared to EM in the right caudate and left insula. Subsequent seed-based analysis based on these areas showed decreased connectivity to the left frontal inferior gyrus from both areas.
To separate specific intrinsic connectivity changes of MOH to those of other chronic pain conditions, one study included patients with chronic myofascial pain (MYO) as well as MOH patients and HCs. 78 While MOH patients had a longer disease duration, pain intensity, anxiety and depression ratings did not differ between the two patient groups. The authors used ICA and a seed-based approach with the mid-PAG region as the seed region, motivated by the observation that the PAG shows reversible structural alterations in MOH. 70 Stronger functional connectivity was reported in the salience network (MOH>HC and MOH>MYO) and inferior temporal network (MOH > HC, MOH>MYO). In contrast, significantly weaker connectivity (MOH<HC and MYO<HC) was seen in the bilateral frontoparietal network (including the PAG) in both patient groups. The authors reported several areas that had either stronger or weaker connectivity with the PAG when comparing the three groups, but no areas for which MOH was consistently different from both MYO patients and HC.
In summary, resting state functional MRI studies in MOH support the notion of CNS mechanisms as key to the understanding of the pathophysiology of this disorder as also demonstrated through other neuroimaging modalities 69 and clinical studies of pain thresholds. 68 Current studies indicate that the mechanisms could prove to be similar to those observed in other disorders of addictive behavior including abnormal function of the brain reward system, see Figure 5 . 
Conclusions
Results of rs-fMRI studies investigating migraine, TACs and MOH are complex and reflect functional abnormalities of multiple brain networks that relate to the multiple different pain and non-pain aspects of these headache disorders. Thus, in addition to atypical connectivity of the expected 'pain matrix' regions, these headache disorders are associated with functional connectivity alterations in salience, sensorimotor, executive, attention, limbic and default mode networks, and networks related to visual processing. Although it is clear that there is much overlap between the functional connectivity findings when studying migraine, TACs, and MOH, findings that might be specific to each headache type are incompletely identified. There is strong suggestion that atypical connectivity of regions that are part of the brain reward system is uniquely involved in MOH. The hypothalamus plays an important role in cluster headache and other TACs and hypothalamic functional connectivity is clearly atypical in the presence of these headaches. However, it is likely that the hypothalamus also plays an important role in migraine and it is not clear if hypothalamic activity and functional connectivity differ between the TACs and migraine. More studies that directly compare functional connectivity across headache types are needed. The comparison of studies specific to a headache disorder and the comparison of resting-state data between headache disorders is complicated by patient heterogeneity (differences in age, depression, anxiety, demographic, psychological background) as well as by differences in data acquisition (variability due to field strength, 1.5 Tesla versus 3 Tesla; or differences in imaging protocols or scanner vendors). Comparison between studies is further complicated by differences in study design and data postprocessing protocols (differences in statistical thresholding, or power calculations). Whereas some studies have used a region-of-interest approach, other studies have used an ICA. Both have inherent strengths and weaknesses. Whereas the seed-based approach allows interrogation of specific functional connections, it is also less robust than ICA, which can determine largescale networks automatically without a priori hypothesis. Furthermore, seed-based approaches might not specifically interrogate a 'network per se' as certain regions can be a part of more than one network. 79 Other studies have interrogated different frequency bands of BOLD fluctuations, believed to indicate yet another way of interrogating fluctuations in frequency-specific functional connections. 80 Direct comparison amongst different rs-fMRI studies is challenging within any area of research due to variability amongst studies relating to the use of imaging designs, protocols, and post-processing techniques. The heterogeneity of study results is certain to relate to the relatively small sample sizes, as most of the rs-fc studies include less than 20 subjects in each group. Future studies, using replication designs as well as larger multicenter studies will be useful to validate and to solidify our current understanding of the pathophysiology underlying headache. Over the past decade, headache neuroimaging using rs-fMRI has become a rapidly growing field and recent studies have shown encouraging results for distinguishing individual patients with migraine from HCs using classification algorithms based on rs-fMRI data or rsfMRI plus structural MRI data. 81, 82 Another study has shown utility of rs-fMRI data for characterizing migraine patients with MOH from patients without MOH. 76 Results of these studies show the utility of rs-fMRI for querying headache pathogenesis as well and indicate future potential of rs-fMRI for identifying individual patients with headache, thus showing potential for headache classification.
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